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An ensemble of resonators arranged on a sub-wavelength scale is usually considered as a bulk
effective medium, known as a metamaterial, and can offer unusual macroscopic properties. Here, we
take a different approach and limit ourselves to the study of only a few number of such elementary
components and demonstrate that it still offers uncommon opportunities. Typically, thanks to the
multiple scattering and the phase shift that the resonances offer, we observe fields that vary at
scales completely independent of the wavelength in freespace. By smartly tuning the resonance
frequencies, we can design at will the complex current distribution in those resonators. This way,
we design a superdirective antenna, ie. an antenna that is surprisingly more directive than its
size would foreshadow. This approach is verified numerically and experimentally in the context of
microwaves, but this applies to any wave-field where sub-wavelength resonators exist.
Focusing wave with the use of a microscope lens is sub-
ject to the Abbe’s limit [1] which relates the focal width
to the aperture. In the 1950s, Di Francia [2] demon-
strated that the focal width of an optical lens can ac-
tually be decreased below the Abbe’s limit if you add a
well-controlled apodization to the aperture. This effect is
now known under the name of super-oscillation [3], and
focal widths thinner than the diffraction limit of λ/3.5
have been experimentally verified in optics [4, 5].
In the context of antennas, the equivalent of the notion
of focusing is actually performed in the far-field region,
and the equivalent of the Abbe’s limit now links the size
of an antenna to its achievable directivity, ie. its ability
to concentrate the radiated energy solely in one direc-
tion. By decomposing the radiated field onto the natu-
ral basis of the spherical harmonics, we similarly obtain
the Chu’s limit [6, 7], the direct analogue of the Abbe’s
limit. The equivalent of the super-oscillation was the-
oretically proposed by Schelkunoff [8] when he showed,
actually slightly earlier, that a linear array of antennas
can overcome this limit and behaves as a so called super-
directive antenna. This theoretical prediction remains a
wide-open field. As an exemple, there have been some
proposals such as the use a very high index dielectric
material, in order to generate higher multipolar contri-
butions to the farfield [9] or the tuning of a metasurface
from super-resolution to super-directivity [10]. Nowa-
days, in the context of miniaturization, it would be in-
teresting to build such compact directive antennas with
an overall dimension comparable to the wavelength. But
now, we face the problem that in the Schelkunoff [8] con-
figuration all antennas are strongly correlated due to the
sub-wavelength spacing.
It happens actually that we fall within the scope of
metamaterials [11, 12], which are media that contains in-
clusions organized on a subwavelength scale. Notably, if
we consider a linear array of half-wavelength-long metal-
lic wires, as in the geometry of Schelkunoff [8], but ar-
ranged with a separation distance of d satisfying the con-
dition d λ (λ being the freespace wavelength), we have
a metamaterial known as the uniaxial wire medium [13].
The propagation within such a medium is well modelled
by a Lorentz dispersion model [14]. Typically, below
the resonance frequency of the wires, the medium ex-
hibits a high effective permittivity, and the propagating
modes spatially oscillate on scales smaller than the vac-
uum wavelength. Those modes have been used to achieve
focusing below the freespace diffraction limit from the
farfield in a two-dimensional array of resonators [15–17].
Another way to interpret those dispersion curves is to
see each individual wire as a resonant scatterer [18, 19].
The macroscopic wave which propagates within the
medium is therefore the consequence of all the multiple
scattering events occurring between those resonators, al-
beit the subwavelength dimensions at play [20]. In this
letter, we will therefore demonstrate that it is possible to
tune each wire in order to turn a subwavelength collection
of those wires onto a superdirective antenna. Instead of
using a metamaterial for focusing below the diffraction
limit as initially proposed by Pendry [21], we ironically
use it in order to beat the farfield equivalent, namely
the Chu’s limit [6]. After explaining our principle the-
oretically, we demonstrate both numerically and exper-
imentally in microwaves how we can easily build such a
superdirective antenna. This strategy does not limit to
the case of wires in microwaves and we give a very gen-
eral recipe that can be applied to any wave field as long
as one can find subwavelength resonators.
Let us come back to the theoretical prediction
of Schelkunoff [8] to build a super-directive antenna. The
idea is basically to impose the right distribution of cur-
rents to a series of sources. When packing such sources
on a subwavelength scale you can manage to obtain a
superdirective antenna [22, 23], but it requires a dedi-
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2Figure 1. Simulation of a two dimensional square lattice arrangement of half-wavelength long wires. The medium is hence a
cube of λ/2 side, as shown on the left. The dispersion relation of the infinite medium is a polariton one, as shown in the center,
which exhibits, as the frequency approaches f0, very high wave vectors. The insets show normalized near-field calculations
of the plane above the medium for the frequency of the associated red circles. Defects in this homogeneous medium allows
one to control the field with the defect’s scale. The top part shows the medium, with respectively, one shorter wire, a line of
shorter wires, and a gradient of lengths, and the bottom part shows the corresponding near fields : a cavity, a wave-guide, and
a rainbow trapping effect.
cated control of all the sources’ currents as well as an
optimization procedure since all the sources are strongly
correlated. Our idea is therefore to use a single source but
to add passive scatterers to achieve the super-directivity
as it is done at larger scales for the case of the Yagi-
Uda antennas [24]. Due to the subwavelength spacing
between the wires we impose, we would intuitively an-
ticipate that all scatterers would be in phase since the
delay due to propagation is negligible, and therefore we
should not be able to impose the right distribution of cur-
rents to fulfill the condition of Schelkunoff [8]. However,
metamaterials have demonstrated that it is possible to
induce a change of sign between two neighbors whatever
their separation distance [20] since the polariton branch
can reach the edge of the first Brillouin zone [25]. This
tells us that the small dimension of our system is not a
barrier for the use of passive scatterers for inducing di-
rectivity but at this stage we do not yet know how to
impose the right distribution. The key relies on the res-
onant response of the scatterers. Indeed, the phase and
amplitude of the current in a parasitic scatterer placed in
the near-field of a point source strongly depends on the
frequency. Typically, the phase response corresponds to
an arctangent function where the phase shift occurs at
the scatterer’s eigenfrequency. and the multiple scatter-
ing problem can therefore exhibit some phase/amplitude
differences between the distinct wires.
Fortunately, for the case of wires this multiple scat-
tering problem can actually be solved quite easily by in-
troducing the well documented impedance matrix [26].
The elements Zmn of this matrix are called the mutual
impedance (or self-impedance if m = n), and they link
the voltage induced in the wire m when the wire n is
excited by a unitary current. Obviously the impedance
matrix takes into account the frequency response of each
wire through the current distribution along the wire.
Note that this strategy does not limit to wires but can
be generalized to any subwavelength resonators through
the introduction of a t-matrix [19]. By inverting the
impedance matrix and multiplying it by the excitation
voltage vector, we retrieve the current that flows in each
individual wire, ie. I = Z−1V . Those currents then
allow to compute the near field of the medium, and we
eventually compute the radiated field by considering the
superposition of the fields radiated by independent an-
tennas fed by the previously calculated currents.
As one can see in Fig. 1, for a wire medium composed
of 121 wires arranged on a square lattice so that it builds
a cube of λ/2 a side, which is excited through the cen-
tral wire, one can find analytically the dispersion relation
from the multiple scattering inside of this cube. An easy
way to understand the observed dispersive behaviour is
to see it as an anti-crossing between the individual res-
onances of the wires and the freespace dispersion rela-
tion resulting in a polariton [25, 27], with an horizon-
tal asymptote near f0 exhibiting sub-wavelength vary-
ing modes. For frequency right above the resonance, no
wave can propagate due to the existence of a so called hy-
bridization bandgap [28], which can equivalently be seen
as a negative effective permittivity. This absence of prop-
agation have been used to create cavities [29] or waveg-
uides [30, 31] with dimensions far below the freespace
wavelength. The insets in the central part show near
field calculations above the wires at different frequencies
(red circles); one can see that the field distribution can be
controlled on the scale of the wire separation rather than
3Figure 2. Analytical calculation of the directivity according to the frequency for (a) the periodic sample and (b) the optimized
sample. In each panel, we represent the wire length distribution above the graph. Within the graph, the blue line corresponds
to the frequency dependence of the directivity in the direction (φ0, θ0). The black doted line is the calculated Harrington limit
for this antenna size therefore the shaded area corresponds to superdirectivity. The insets present the radiated farfield along
with the analytical near field associated at the frequencies indicated by the black arrows below. The optimized direction (φ0, θ0)
is pointed at by the red arrow. Calculation of the near field was made in a plane perpendicular to the wires, slightly above
their upper end.
the scale of the freespace wavelength as the frequency
rises. This confirms that metamaterials may be able to
drag Schelkunoff’s ideas into the realm of feasible exper-
iments. However, as the symmetry of the system is yet
to be broken, the emission of this small object is not yet
superdirective.
In order to exhibit the effect of tuning the resonance
of one scatterer, which in the case of wires solely con-
sists in changing the length, as sketched in the right
part of Fig. 1, we tune one wire which allows one to
use the hybridization bandgap to create a sub-wavelength
cavity as in [29]. Equally shortening a few of them al-
lows one to engineer a waveguide as complicated as one
wishes [30, 31]. Further control, as a gradient of eigenfre-
quencies, allows for even more interesting phenomenon,
such as the rainbow trapping [32, 33]. Those numerical
maps were directly obtained by computing the multiple
scattering problem inside the medium: this confirms that
solely playing on the length of the passive wires can in-
duce very different behaviour in the near-field. This will
become our tuning parameter for controlling the local
field distribution.
For a simpler situation, let us now consider a linear
array of five regularly spaced resonators with a separa-
tion distance of d = λ/20, where only the central wire is
excited by a unitary voltage. The resulting currents that
arises across the structure takes into account the whole
multiple scattering, one is then hence able to compute
the near-field by summing the contributions of all the
secondary sources. Insets show the near-field at some
key frequencies. The presence of those close resonant
scatterers strongly interfere with the single source in the
center, and one sees again a dispersive structuring of the
near-field. Far from the resonance, the scattering cross-
section is smaller and the scatterers barely interfere with
the central source. Close to the resonance however, the
near field shows a strong enhancement on the resonators,
which means they are properly excited. They act as sec-
ondary sources and we can sum their coherent contribu-
tions to compute the farfield from the current distribu-
tion in the medium to study the radiation of this object.
This farfield emission logically depends on the near-field
structuring. We then focus on studying the directivity of
the array. The term directivity is often used only for the
main lobe direction, but here we define it relatively to a
desired direction defined by the polar angles (θ0, φ0), and
it simply writes:
D(φ0, θ0) = 4pi
Pr(φ0, θ0)∫ 2pi
0
∫ pi
0
Pr(φ, θ) sin(θ)dθdφ
(1)
where Pr is the measured radiated power in the direction
(θ, φ).
In order to increase the directivity, a symmetry break-
ing is needed and our lever is the ability to tune the
length distribution of the resonators. The question that
arises is to know whether it is enough to control the cur-
rent distribution in order to reach the super-directivity
regime. Because of the self consistent problem at play,
we developed a numerical strategy to find an optimized
sample that maximizes the directivity in the desired di-
rection. A discretized genetic algorithm is used to ensure
rapid convergence and to avoid trapping effect of local
optima. The parameter space is the length distribution
confined to a 20% relative difference to the central wire,
discretized to the working precision of our sample con-
struction method (λ/160).
4Figure 3. (a) Experimental setup: inside the anechoic chamber the sample is placed on a 3D rotation stage consisting of two
perpendicular rotational motors. A network analyzer is used to measure transmissions between samples and the receiving
antenna. the bottom part shows a close up of the sample. (b) Near-field measurement of the current distribution on the
meta-antenna. One sees the rapidly variation current distribution which corresponds to a Schelkunoff approach. (c) Polar
representation of the radiated energy. The red lines gives the FWHM of about 57 (d) 3D representation of the radiation
pattern. (e) Sample directivity according to frequency. Clear Superdirectivity of the sample is noticed over a bandwidth of
more than 10% of the central frequency.
An optimal length distribution is represented in
Fig. 2(b). Surprisingly, very small differences are enough
to strongly alter the behaviour of the sample. Far from
the resonance, we also find a dipolar-like radiation pat-
tern. However, close to the resonance, the symmetry
breaking yields asymmetric current distributions as one
can see in the near fields. The corresponding radiated
patterns highlight a variation of the main lobe direction,
and a clearly superdirective peak, meaning a directivity
above the Chu-Harrington limit (black dotted line), over
a short bandwidth. One can also note that the directiv-
ity D0,pi2 is negative at some points, meaning that the
main lobe of emission at this frequency is pointing in
another direction than the desired one as shown in the
bottom right inset of Fig. 2(b). As opposed to a sim-
ple Yagi-Uda design, here shorter wires are used on both
ends of the array, showing the impact of multiple scat-
tering. Indeed, this meta-antenna approach allows us to
simplify Schelkunoff’s idea, using a single source and the
coupling with passive resonant scatterers to achieve the
needed control for the current distribution rather than
many sources where coupling will become a strong is-
sue as one scales it down to sub-wavelength sizes. This
control has then been demonstrated analytically, and the
idea is now to experimentally verify this assertion by pro-
ceeding a microwave experiment of the concept.
The experimental samples are built as strips of cop-
per (thickness 35 µm) over a thin layer of FR4 substrate
(r = 4.2), with a thickness of 0.4 mm. At the operating
frequency of 3.74 GHz the corresponding wavelength is of
8 cm. We use a high precision drilling machine in order
to accurately control separation and length of each strip.
As mentionned, the discretization of lengths for the ana-
lytical samples was chosen to corresponds to this drilling
precision. To avoid parasitic radiations from the cables in
this experiment we preferred to shield the sources below a
ground a plane. Therefore, we use half-long strips over a
circular metallic ground plane. Those easy-to-build sam-
ples are accurately described by the previously discussed
theory. A close-up of the realized sample is shown in
Fig. 3(a). The top part shows the experimental setup:
measurements are performed in a home-made anechoic
cavity using two perpendicular rotational motors under
the sample to ensure 4pi-steradian measurements. The
two antennas are connected to a network analyzer and
the radiated field is measured in terms of the transmis-
5sion between the two ports.
The experimental setup has two main effects over the
resonance and radiated field. First, the FR4 substrate
induces a frequency shift of the resonance towards lower
frequencies. This shift has been correctly reproduced us-
ing transient simulations with the commercial software
CST Microwaves Studio, and is solely due to the dielec-
tric constant of the substrate. Second, the effect of a fi-
nite size ground plane on the radiated field of a monopole
at its center is well documented and analytical formulas
permit to predict the elevation angle dependence based
on the ground plane radius [34]. In this study, analytical
results were obtained for coupled dipoles. To be consis-
tent, we deconvolve the known azimuthal dependence of
our samples to re-convolve the azimuthal dependence of
analytical dipoles in post-processing. This actually low-
ers the measured directivity as the large ground plane in-
creases antenna size and hence the accessible directivity.
By doing so, we are actually measuring the emission of
the corresponding dipoles while using shielded monopoles
over a reflective plane.
A near-field scan of the accessible part of a plane just
2 mm above the strips at the peak frequency is shown
in Fig. 3(b). One can notice its non-symmetric nature
as well as its subwavelength varying nature ensuring a
control of phase and amplitude of the secondary sources.
A polar representation of the radiated energy is given in
Fig. 3(c). This corresponds to the polar measurement in
the main-lobe direction of the monopoles. In Fig. 3(d),
one can see the complete radiation pattern for the corre-
sponding dipoles, showing a strong directivity as high as
12 dB. As evidenced in the last panel, where the shaded
region corresponds to superdirectivity, this experimental
sample beats the Harington’s limit over a relatively wide
bandwidth of almost 10 % of the central frequency.
In conclusion, we have used an oversimplified wire
medium to bring up to date Schelkunoff’s theory of su-
perdirectivity. Using the fact that frequency detuning of
some scatterers offer a lever to control the field distri-
bution whatever the spacing between the wires, we have
demonstrated both analytically and experimentally that
it is possible to beat the Chu-Harington’s limit, and we
have therefore built a superdirective meta-antenna us-
ing only a single source with a well controlled environ-
ment that offers multiple scattering. The simplicity of
the model can be extended to any scatterers or different
wavelength, making it a crucial step for building small
but directive antennas in any wave fields such as optics
or even acoustics.
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